Controlled assembly of single-walled carbon nanotube (SWCNT) networks with high density and deposition rate is critical for many practical applications, including large-area electronics. In this regard, surfactant chemistry plays a critical role as it facilitates the substrate− nanotube interactions. Despite its importance, detailed understanding of the subject up until now has been lacking, especially toward tuning the controllability of SWCNT assembly for thin-film transistors. Here, we explore SWCNT assembly with steroid-and alkyl-based surfactants. While steroid-based surfactants yield highly dense nanotube thin films, alkyl surfactants are found to prohibit nanotube assembly. The latter is attributed to the formation of packed alkyl layers of residual surfactants on the substrate surface, which subsequently repel surfactant encapsulated SWCNTs. In addition, temperature is found to enhance the nanotube deposition rate and density. Using this knowledge, we demonstrate highly dense and rapid assembly with an effective SWCNT surface coverage of ∼99% as characterized by capacitance−voltage measurements. The scalability of the process is demonstrated through a roll-to-roll assembly of SWCNTs on plastic substrates for large-area thin-film transistors. The work presents an important process scheme for nanomanufacturing of SWCNT-based electronics.
■ INTRODUCTION
Single-walled carbon nanotubes (SWCNTs) exhibit unique physical 1,2 and chemical 3 properties, including high carrier mobility, 4 excellent chemical 5 and mechanical 6, 7 robustness, and intriguing photothermal effects. 8, 9 These characteristics have triggered the exploration of SWCNTs toward a wide range of new applications; 10−20 one example being the use of SWCNT random networks as the active channel material for thin-film transistors (TFTs). 21, 22 Given recent advancements in electronic-type and chirality purification of SWCNTs, 23−25 random networks of SWCNTs can be solution deposited on various flexible 11,21,26−28 and rigid substrates 11,21,29−32 and configured as high-performance TFTs. These TFTs have been utilized as the active matrix backplane for organic light-emitting diode displays 33 and user-interactive surfaces, 34 demonstrating their utility for large-area electronic systems. Uniquely, gravure 35, 36 or inkjet 37 printed TFTs based on SWCNT networks have also been reported, demonstrating excellent performances, surpassing that of printed organic devices by a large margin. The performance of SWCNT TFTs is largely dependent on the properties of the assembled random networks. 38 Specifically, high nanotube density yields high ON-state current, while bundling during assembly increases the OFF-state current. 39, 40 Thus, understanding and controlling the nanotube−substrate binding as facilitated through the surfactant−surface interactions is of profound interest, with strong emphasis on enhancing density and reducing bundling. Furthermore, fast nanotube assembly on substrates is essential for practical applications as it determines the process throughput, eventually allowing roll-to-roll (R2R) assembly and processing of SWCNTs over large-areas.
Significant research has focused on dispersion of SWCNTs in liquids over the past decade, 41−60 with one promising method involving the use of aqueous solutions with organic surfactants that show long-term stability over several months. 52, 54, 55 Thin and thick films of SWCNTs from nanotube suspensions have also been widely explored for various applications. 9, 15, 33, 34, 36, 61 However, the details of the assembly process of SWCNTs for "TFT-grade" random networks have not been fully explored, which is a critical step for optimizing the deposition quality and rate. In addition, most work in literature has focused on the use of commercially available solutions of semiconductor-enriched SWCNTs for TFT fabrication. The surfactants used for these commercial solutions are often not publically known, and a change in the surfactant composition by the manufacturer can often drastically affect the nanotube deposition quality, without the knowledge of the researchers. These shortcomings present fundamental challenges to the scientific community in advancing the use of SWCNT TFTs for large-area systems. In this work, we systematically explore the effect of surfactant chemistry on nanotube assembly for amine functionalized surfaces. Starting from commercially available 99% semiconducting SWCNT powders, we demonstrate drastic differences in the nanotube assembly for alkyl-and steroid-based surfactants, with the former yielding almost no assembly and the latter resulting in high-density networks. We explore the underlying mechanism for the assembly as mediated by the surfactant. By engineering the various chemical interactions in this system, we demonstrate high-density SWCNT networks with effective surface coverage of up to ∼99% as confirmed by capacitance−voltage measurements. Furthermore, we show that the assembly rate can be drastically enhanced by increasing solution temperature, thus providing a high-throughput process scheme. As an example, we demonstrate a R2R process for assembling SWCNT networks on a flexible substrate over 1 m in length. This work presents an important advance toward understanding and engineering nanotube assembly over large areas for use in TFT applications.
■ RESULTS AND DISCUSSION
The choice of surfactant used for the SWCNT solution has a drastic effect on the nanotube assembly process attributed to multiple factors in the system. Specifically, residual surfactants (i.e., extra surfactants that do not encapsulate the SWCNTs) that always exist in the solution can block off the amine adhesion sites of the substrate and prevent nanotube assembly. 62 In this regard, the surfactant must be wisely selected when considering TFT applications. Figure 1 represents a schematic illustration of the assembly process from SWCNT solutions with two types of surfactants, alkylchain-based surfactants (AS) and steroid-based surfactants (SS) used in this work. After casting the solution onto aminemodified substrates, residual AS in the solution immediately self-assembles into a packed surfactant layer on the substrate. This packed AS layer prohibits the assembly of AS-coated SWCNTs due to repulsive electrostatic forces ( Figure 1a ). 63 On the other hand, SS allows for the dense assembly of SWCNTs because residual SS cannot form into a packed layer as shown in AS on amine functionalized surfaces (Figure 1b ). 64 The rigid nature of the steroid moiety can be attributed as the main reason for its loosely packed structure on the amine surface, in comparison to alkyl moiety's more flexible and therefore tight packing assembled structure.
In this research, we targeted commonly used surfactants such as sodium sulfate (SDS), sodium dodecylbenzenesulfonate (SDBS), and sodium dodecanoate (SDC) as AS and sodium cholate (SC) and sodium deoxy cholate (SDeC) as SS. 99% semiconducting SWCNT powder (Nanointegris Inc.) was suspended in the various surfactant solutions mentioned above (∼0.01 mg SWCNT/mL, ∼30 μmol surfactant/ml) via probe sonication (20 kHz, 150 W) (Figure 2a and Experimental Section). All solutions show absorption peaks around 450 nm corresponding to van Hove transitions, 65 indicating isolated SWCNTs in the solutions. Interestingly, although all surfactant suspensions show similar optical characteristics, the assembling properties of SWCNTs onto a poly-L-lysine (PLL) modified SiO 2 /Si substrate are drastically different (Figures 2c and S1 ). In the cases of SDBS, SDS, and SDC, no SWCNT assembly was observed after the deposition process. On the other hand, all SC and SDeC cases show dense SWCNT assemblies. In the SC surfactant case, similar dense assemblies of SWCNTs is observed even with phosphate buffered saline (PBS, 2× ) and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, 40 mM) buffers. The assembled SWCNTs from SC solutions are identified via Raman spectroscopy as well, where a clear G band peak at 1600 cm −1 is observed with a small D band peak at 1350 cm −1 ( Figure S2 ). 66 Even though the SDBS surfactant prohibits assembly, the addition of SC surfactant into the SDBS solution enables the assembly of SWCNTs (Figures 2c and 3 ). According to the above results, AS prohibit the assembly of SWCNTs, while SS clearly facilitate the assembly process. These results are examined on PLL modified surfaces, and the trend is similar on (3-aminopropyl)triethoxysilane (APTES) modified surfaces as well ( Figure S3 ).
Controlled experiments are performed to analyze the differences in the assembly processes between AS and SS. Assembled structures of these surfactants onto Si/SiO 2 substrates in the absence of nanotubes are examined. To visualize the surfactant layer formation on the SiO 2 surface, a fluorescent lipid dye, octadecyl rhodamine B chloride (R18, 1 mg/mL in ethanol), was used. 67 The dye was mixed with the surfactant solutions or Milli-Q water with a volume ratio of surfactant solution:R18 solution of 50:1 followed by deposition of the solution onto a PLL modified SiO 2 /Si wafer. As observed in Figures 3a and S4, a corresponding fluorescence from R18 on the substrate can only be observed for SDBS and SDS surfactant solutions. This result indicates that both SDBS and SDS form a layered assembly on the substrate surface incorporating R18. 68 Since the SWCNT surface is also covered with these lipids, the electrostatic repulsion force causes the prohibition of SWCNT assembly when using SDS or SDBS as the surfactants (Figure 3d) , consistent with the observed assembly results of Figure 2 .
To further investigate the SWCNT adhesion mechanism, we used a dye perylene which has a similar aromatic surface like SWCNTs. Fluorescence microscope images were obtained after deposition of mixtures of the surfactant solutions and a saturated solution of perylene in ethanol followed by washing with Milli-Q water and N 2 gas drying. Only the SS case shows obvious fluorescent from perylene (Figures 3b and S4). Since extremely small fluorescence was observed from the perylene dispersed in water (PLL/-), interactions between the aromatic moiety and PLL modified surface can be concluded as very weak. This result indicates that only through SS can perylene exhibit adequate adhesion allowing subsequent attachment onto the substrate surface ( Figure 3e ). For further analysis of the effective adhesion of SWCNTs shown in SS, a dye with a similar steroid moiety, 23-(dipyrrometheneboron difluoride)-24-norcholesterol, was examined ( Figure 3c ). The surfactant solutions, or Milli-Q water, were mixed with an ethanol solution (1 mg/mL) of the steroid-dye and cast onto the PLL modified substrate. After the deposition, the substrate was washed with Milli-Q water and dried in air. As shown in Figure  3c , only water (no surfactant, PLL/-) and SS (PLL/SC) show a corresponding fluorescent signal. These results indicate that (i) the steroid moiety can attach onto the PLL surface via effective van der Waals interactions, (ii) SS does not prohibit the absorption of the steroid dye, and (iii) no adhesion of the dye is observed in AS solutions since the steroid-dye is wrapped with AS as shown in the perylene cases. In summary, we can conclude the following points: SS can attach onto the modified surfaces, and SS does not prevent the absorption or adhesion of other SS and SS encapsulated SWCNTs (and perylene) onto the amine-functionalized substrate surface ( Figure 3e ). In addition, SS are able to isolate/disperse SWCNTs very well as reported previously; 58 our solutions also show similar stability of SWCNT suspension for at least more than 2 weeks ( Figure  S5 ). These results indicate the stability of SWCNT solutions without bundling through SS. Thus, SS is ideal for assembling SWCNT dense networks.
Capacitance−voltage (C−V) measurements were performed to quantify the assembled SWCNT density when using SS as the surfactant, with the setup illustrated in Figure 4a . Source (S) and drain (D) electrodes are bridged by the percolated SWCNT network on 50 nm of SiO 2 on a heavily doped p+-Si wafer, which acts as a universal gate electrode. The S/D electrodes are electrically grounded, and a voltage is applied to the back gate while measuring the gate capacitance. The measured capacitance consists of the gate oxide capacitance and the parasitic capacitance arising from the gate-S/D overlap. To remove the parasitic capacitance component, devices with four channel lengths (L) from 10 to 100 μm at a fixed width (W) of 200 μm were fabricated and measured ( Figure 4b ). Figure 4c shows the linear correlation of the total capacitance vs L for a deposition time of 70 min at room temperature (data for other deposition times are shown in Figures S6 and S7 ). The gate-S/ D overlap capacitance is the y-intercept of this plot. Thus, the gate oxide capacitance under the SWCNT network, C channel , can be extracted. From the capacitance measurements, the effective areal coverage of the SWCNTs can be defined by the following equation:
where ε 0 ε ox = 3.9 × 8.85 −14 F/cm and t ox = 50 nm is used for the dielectric constant and thickness of the SiO 2 , respectively.
Here, an effective coverage of 100% would correspond to a nanotube network that would yield a C channel that is defined by the parallel plate capacitance of the gate oxide (ε 0 ε ox /t ox ). In other words, at 100% effective coverage, the nanotube network resembles a continuous conducting film, at least from a capacitance point of view. This presents a simple approach to quantify the nanotube density, without having to rely on imaging techniques to analyze density which can be arbitrary. Figure 4d depicts the deposition time dependence of the extracted C channel and the effective coverage area of SWCNTs estimated from eq 1. The effective coverage reaches 80% with deposition times as short as 5 min and monotonically increases to ∼90% as the deposition time is increased to 70 min. Transfer characteristic curves of TFTs obtained from the nanotube networks of Figure 4d are shown in Figure S8 . The ON current level is increased from 10 −7 to 10 −6 A μm −1 at L = 10 μm as the deposition time is increased from 1 to 70 min. For deposition times between 1 and 10 min, ON/OFF ratios of up to 10 5 can be obtained. In terms of uniformity of the OFF current levels, deposition times between 1 and 10 min show higher uniformity than that of 70 min. This is due to the higher amount of nanotube bundling and metallic SWCNTs that are deposited in the 70 min case which increases the OFF current and decreases the uniformity of the transfer characteristics of the TFTs. 39 Different nanotube solutions of Milli-Q, PBS and HEPES exhibit similar device performance ( Figure S9) .
To estimate the number of SWCNTs assembled onto the surface in a unit area (number of SWCNTs/ μm), we used the following analytical equation: 61, 69 While the obtained density of SWCNTs is quite high using the SS process discussed above, the required deposition time is relatively long, which limits the potential throughput of the process. To shorten the assembly time for SWCNTs, we examined the effect of deposition temperature. As the deposition temperature is increased to 70°C, suspensions of SC show a denser SWCNT assembly and the effective coverage increases up to 99% for a deposition time of only 10 min ( Figure 4d ). This value corresponds to over 230 nanotubes/μm ( Figure S10e ). Shorter assembly time is observed at higher temperature due to an increased rate of surfactants exchange at the surface that facilitates the probability for adhesion of SS encapsulated SWCNTs. Even in a suspension of SDBS, for which no SWCNT assembly could be observed at room temperature, a higher temperature of 70°C induces deposition of SWCNTs ( Figure S10 ), though the SWCNT density is low. This again suggests the effect of temperature in enhancing the SWCNT assembling rate at the surface of the substrate.
When our high-temperature assembly process is combined with the optimized SS surfactant, a feasible R2R assembly process can be enabled to fully substantiate the vast potential of our proposed techniques. (Figure 5a and Movie 1). A cartridge of polyethylene telephthalate (PET) film is fed through (i) PLL solution, (ii) Milli-Q water to wash any extra PLL, (iii) SWCNT suspension on a hot plate (70°C), and (iv) a final Milli-Q water rinse with a feeding speed about 10 cm/min. A drying fan is placed after the first Milli-Q bath to dry samples prior to the SWCNT bath in order to avoid dilution of the SWCNT solution. Figure 5b shows a 1 m long PET film with assembled SWCNTs on the surface via the R2R process. It should be noted that the speed of our R2R process is not limited by the deposition rate of the SWCNTs, but rather the volume of SWCNT solution used. If the volume of SWCNTs (i.e., the bath length) is increased as would be necessary for a commercial scale, the throughput of the process could be linearly increased. AFM images indicate that SWCNTs are successfully deposited onto the flexible PET substrate ( Figure  5c ). The transfer characteristic of a device obtained from this process is shown in Figure 5d . The device is a top gate structure with 40 nm palladium S/D electrodes and 40 nm gold gate electrodes. The channel width and length are W = 2.5 mm and L = 125 μm, respectively. Parylene (∼700 nm in thickness) was used as the gate dielectric layer. The peak mobility from a parallel plate model is extracted as 2 cm 2 / V s (Supporting Information), which is respectable for a R2R process scheme, but lower than those obtained by solution casting on smooth surfaces. 39, 61 We speculate that the roughness of the PET film reduces the density of the assembled SWCNTs. For higher device performance, contact metals, deposition process, dielectric layer, etc., need to be further optimized. Previously, we demonstrated a scalable process for fabricating SWCNTbased TFT arrays via gravure printing. 36 However, the SWCNT deposition process using commercially available solutions required several hours of solution casting in order to obtain a high density. The work here provides the ability to control and drastically lower the deposition time for nanotube networks, making it more viable for R2R processing of SWCNT TFTs.
■ CONCLUSION
We have demonstrated a highly dense and fast solution-based SWCNT assembly viable for scalable TFT fabrication. The key finding is that steroid-based surfactants facilitate dense assembly of SWCNTs on amine functionalized surfaces, while alkyl surfactants prohibit nanotube assembly. The difference is attributed to the packing nature of these two types of surfactants on the substrate surface, given the existence of large quantities of residual surfactants in SWCNT suspensions. Furthermore, deposition density and rate are shown to increase with temperature as it affects surfactant−substrate interactions. By using this knowledge, fast SWCNT assembly with an effective surface coverage of up to 99% is obtained as characterized by C−V measurements. The utility of this process is demonstrated by a R2R assembly of SWCNTs on large-area PET substrates, with the nanotube films used to fabricate TFTs. This investigation opens new routes toward the realization of large-area, flexible electronics using SWCNT-based thin films.
■ EXPERIMENTAL SECTION
Making the SWCNT Suspension. SWCNTs are obtained from Nanointegris Inc. A 0.04 mg entangled sheet of SWCNTs (99% semiconducting) is immersed into 4 mL surfactant solutions (∼30 μmol/mL). All surfactants are from Sigma-aldrich. PBS and HEPES are from Gibco, both of which are diluted with Milli-Q water to make PBS (2× ) and HEPES (40 mM) before use. Bath sonication is applied for 30 min to break up the sheet into tiny pieces followed by sonication with a probe sonicator (Cole-Parmer) at 150 W to isolate the nanotubes. The program of the probe sonication is set to alternately turn on (1 s) and off (1 s) for a total of 80 min. The bath temperature is kept below 10°C using cold water to prevent evaporation of the solution. After probe sonication, the solution was placed into a bath sonicator for another 30 min and then kept at room temperature for at least 12 h. Any precipitates were decanted, and the supernatant SWCNT suspension was used for deposition. Fabrication of the Devices. Devices (Figures 3, S8 and S9) are fabricated with standard lithographic techniques using S1818 photoresist. A SiO 2 /heavily doped p + -Si wafer was treated O 2 plasma (120 W, 2 min), and then PLL solution (0.1%, Sigma-Aldrich) was deposited for 5 min followed by rinse with Milli-Q water. SWCNT suspension was cast onto the PLL modified wafer followed by DI rinse. The deposited wafers were annealed in vacuum at 200°C for 2 h. Pd source, drain, and Au gate metals were all deposited via electron beam evaporation followed by etching extra SWCNTs with O 2 plasma so that the SWCNT network only remains between the source and drain electrodes. The device shown in Figure 5d is made using a shadow mask (W = 2.5 mm, L = 125 μm) with Pd (40 nm) source/drain contacts followed by SiO x /parylene C/SiO x (10/∼700/10 nm) deposition as a gate dielectric; the SiO x was deposited via electron beam evaporation and the parylene C was deposited via a CVD method. The top gate metal (Au, 40 nm) is deposited via electron beam evaporation. The device was annealed to improve source and drain metal contacts at 160°C for 1 h on a hot plate.
Characterization. Fluorescent microscope images are taken using an Axioimager (Zeiss) equipped with a Hamamatsu Orca 03 CCD camera. The images are analyzed with ImageJ software. The dyes for visualization were purchased from Sigma-Aldrich (Perylene), Biotium Inc. (R18), and Avanti Polar Lipids Inc. (23-(dipyrrometheneboron difluoride)-24-norcholesterol). Microscope images were taken using an Olympus BX51 microscope equipped with a digital camera (Olympus, QCOLOR3). Characteristic curves were obtained with an HP 4155C analyzer with a probe station. The capacitance−voltage measurements were obtained from an Agilent B1500a analyzer with a probe station. Raman spectroscopy was conducted with a Thermo-Scientific DXR. ■ ASSOCIATED CONTENT 
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Calculation of the field effect mobility
For calculating the field effect mobility for the device shown in Figure 5d , we used the following equation.
where L and W are the channel length and width, respectively, V DS was set at -1 V, and C ox was calculated from using a gate dielectric stack of SiO 2 /parylene/SiO 2 with a dielectric constant of 3.9 and thickness of 10 nm for each SiO 2 layer and a dielectric constant of 3 and thickness of 700 nm for the parylene C layer. The total capacitance is calculated to be 3.71 × 10 -9 F/cm 2 . The transonductance (dI DS /dV GS ) was extracted from the I DS -V GS curves shown in Figure 5d . From this, a mobility of ~2 cm 2 / V s is calculated.
Detailed setup of the roll-to-roll process
The length between supply and collection rollers is ~ 1 m. All the apparatus (rollers and baths) are well aligned beforehand on a line to feed the PET film smoothly. A syringe pump (Harvard apparatus) was attached to the PET film as the collection roller to maintain a constant feeding speed of ~10 cm/min. It should be noted that the length of the CNT bath decides the maximum speed of the roll-to-roll deposition. In this setup, we used a total 10 cm long CNT bath (obtained from two 5 cm baths). For faster printing speeds, the CNT bath can be scaled up to longer lengths. The depth of the suspension was ~2 mm. To counteract evaporation of the CNT suspension, fresh CNT suspension (SC suspension) was periodically added to the baths. The PLL and DI water baths are also about 10 cm in length. Movie 1 depicts the operation of the roll-to-roll process. 
